Abstract-Sperm immobilization is a requisite step in intracytoplasmic sperm injection (ICSI). Conventionally, sperm immobilization is performed manually, which entails long training hours and stringent skills. Manual sperm immobilization also has the limitation of low success rates and poor reproducibility due to human fatigue and skill variations across operators. This paper presents a system for fully automated sperm immobilization to eliminate limitations in manual operation. Integrating computer vision and motion control algorithms, the automated system is able to visually track a sperm and control a micropipette to immobilize the sperm. A robust sperm tail tracking algorithm is developed to locate the optimal position on the sperm tail for sperm immobilization. The system demonstrates: 1) an average sperm tail tracking error of 0.95 μm; 2) a sperm tail visual tracking success rate of 96%; 3) a sperm immobilization success rate of 88.2% (based on 1000 trials); and 4) a speed of 6-7 s per successful immobilization.
I. INTRODUCTION

I
NTRACYTOPLASMIC sperm injection (ICSI) is a medical procedure that has enabled the in vitro fertilization of a single egg with a single sperm [1] . The procedure consists of three main steps: immobilizing a sperm, aspirating the sperm into a micropipette, and injecting the sperm into an egg [2] . Sperm immobilization must be performed before the insertion of the sperm into the egg to increase the chance of fertilization since sperm tail movement can cause damage to the intracellular structure of the egg [3] . Conventionally, ICSI has been performed manually by highly trained ICSI technicians/embryologists. Manual ICSI suffers from a long learning curve, varying success rates across operators, and poor performance consistency across clinics. The past decade witnessed significant efforts in automating the injection of cells [4] - [7] . However, the automation of sperm manipulation has not yet been attempted, which is an important endeavor for ultimately standardizing clinical ICSI.
Sperm immobilization requires a micropipette to press (tap) the sperm tail against a surface (e.g., the bottom of a Petri dish) [3] . It is a challenging procedure that has stringent skill requirements. Due to the fast movement of a healthy sperm (≥ 25 μm/s) [8] , a sperm can move out of the field of view of a microscope quickly. The operator needs to carefully monitor the motion of the sperm and manually move the microscope stage to keep the sperm within the field of view, while simultaneously attempting to tap the sperm tail for immobilization.
For immobilizing a sperm, consistently tapping the midpoint of the sperm tail is preferred to prevent damage to the sperm head [3] . Due to the small size of the sperm tail (≤1 μm in thickness), the visibility of the sperm tail is rather low under optical microscopy conditions (e.g., bright field microscopy, Hoffman modulation contrast, and differential interference contrast), making the identification and visual tracking of the midpoint of a moving sperm tail arduous for both novice and proficient operators.
To create a system for automated sperm immobilization, sperm head and tail tracking algorithms are essential for: 1) visually tracking the spatial location of the sperm; 2) servoing the microscope stage to move the sperm to the center of the field of view; and 3) averaging the tracked head and tail positions to locate the midpoint of the sperm tail for robotic immobilization. Several algorithms have been developed in the field of computer-assisted sperm analysis (CASA) to track sperm trajectories, measure sperm velocity, and evaluate sperm energetics [9] - [11] . Prior work for estimating the direction of a sperm tail used the minor and major axes of the sperm head's morphology [12] . The sperm head, however, has a wide variety of shapes [8] . Thus, the approach does not always provide the correct direction of the sperm tail. Despite the considerable progress made in CASA [13] , automated detection and tracking of a sperm tail, which is essential for sperm immobilization, has not been explored.
The low contrast of the sperm tail under optical microscopy is a major reason why sperm tail tracking is challenging. Tracking low-contrast objects has long been a topic of interest in computer vision. Since edge information is often lost or cannot be extracted from low-contrast objects in images, Chan and Vese developed an active contour-based object detection algorithm that does not require edge information [14] . The method has been demonstrated to form contours around objects of low contrast. However, the method requires numerous iterations before converging to a solution, rendering the algorithm unsuitable for real-time applications, such as sperm tail tracking. The Kalman filter has been shown to be capable of tracking low-contrast objects [15] . In fact, the Kalman filter is suitable for tracking objects that exhibit linear and Gaussian temporal dynamics [16] . However, the motion of a sperm tail is sporadic, multimodal, and hence, non-Gaussian, making the Kalman filter unsuitable for sperm tail tracking. Tsai et al. developed an independent component analysis-based filter for detecting low-contrast defects on LCD glasses in uniform surface images [17] . Their approach has been applied to detecting inanimate low-contrast objects. However, it does not take into account the temporal dynamic changes that are prevalent in moving objects, such as motile sperm.
This paper presents an automated system that is capable of performing sperm immobilization with a high success rate. Visual tracking and servoing algorithms are integrated into the system for tracking the sperm position, finding the midpoint of the sperm tail, and controlling multiple motion control devices for sperm immobilization. The sperm tail tracking algorithm is robust to the low-contrast appearance and the nonlinear fast movement of the sperm tail. The success rate of sperm tail tracking was evaluated on 100 sperm. The success rate of automated sperm immobilization was quantified via 1000 trials.
II. SYSTEM DESIGN
A. System Architecture
As shown in Fig. 1 , the automated sperm immobilization system consists of a standard inverted microscope (bright field imaging, Nikon TE2000-S) and a motorized X-Y translational stage (ProScan, Prior Scientific, Inc.). The stage has a travel range of 75 mm along both axes with a resolution of 0.01 μm, a maximum speed of 5 mm/s, and a repeatability of ±1 μm. A 20× objective with a numerical aperture of 0.45 is used (CFI Plan Fluor ELWD, Nikon). A CMOS camera (601f, Basler; resolution: 640×480) is connected to the microscope for providing visual feedback with the following parameters: shutter 1400, gain 80, and brightness 1600. A straight ICSI micropipette (outer diameter: 6 μm) tilted at 30
• is attached to a 3-DOF motorized micromanipulator (MP285, Sutter, Inc.) that has a travel range of 25 mm and a 0.04 μm positioning resolution along each axis.
B. Overall Operation Sequence
The system starts by performing vision-based contact detection [18] to determine the relative vertical depth positions between the micropipette tip and surface of the Petri dish [see Fig. 2(a) ]. The micropipette is then positioned at 25 μm above the bottom of the Petri dish and 100 μm to the left of the center of the field of view [see Fig. 2(b) ]. Note that contact detection only needs to be performed once at the start of the system. A human operator then selects a sperm of interest by computer mouse clicking on or in proximity to the head of the sperm [see Fig. 2(b) ]. This step permits the human operator to select a desired sperm based on sperm morphology and motility, thus exercising his/her expert knowledge. The system then starts to track the sperm head and tail [see Fig. 2(c) ]. The located sperm 
III. SPERM TRACKING
A. Sperm Tracking Overview
Our sperm tracking algorithm tracks two regions of the sperm: the sperm head position and the sperm tail position. The algorithm has three steps.
Step-1 tracks the sperm head to provide visual feedback of the sperm position. In Step-2, the sperm tail region of interest (STROI) is extracted. STROI extraction is an extrapolation process that calculates the region in which the sperm tail is located by using information from Step-1. The STROI aims to capture the tail tip region of the sperm. Once the STROI is found, the maximum intensity region (MIR) algorithm is used to locate a point on the sperm tail within the STROI. Finally, the midpoint of the sperm tail x m is calculated by averaging the tracked head and tail position.
B. Sperm Head Tracking and Visual Servoing
The sperm head is distinctive and hence is used for tracking the position of a sperm. With the sperm head position, c(i) = (c x (i), c y (i)), the spatial distance from the sperm head c(i) to the center of the field of view X c is determined. The spatial distance is input into a PID controller, which is used to visually servo the X-Y stage to keep the sperm at the center region of the field of view [see Fig. 2(c) ]. Starting values of PID gains were obtained using standard methods, and their final values were determined through experimental trials. Fig. 3 shows the control diagram for the visual servoing process. The accuracy tolerance to the center of the field of view is 1 pixel or 1.48 μm. It can take several seconds for a sperm to reach within the required orientation before immobilization can be conducted (Section IV-A). Thus, the distance calculation and servoing of the X-Y stage is performed for every frame of image (30 Hz) to maintain the sperm at the center region of the field of view. Keeping the sperm at the center of the image increases the robustness of the overall sperm tracking algorithm as it prevents the sperm from moving out of the field of view. The sperm head tracking process is initiated by a human operator who selects a desired sperm head to track via mouse click on or within proximity to the sperm head [see Fig. 2(b) ]. The system obtains a 40×40 sperm head region of interest (SHROI) from the current frame i. The SHROI image's center is initially at the mouse clicked position. The SHROI image is binarized by applying Otsu's adaptive thresholding algorithm [19] . A morphological close operation is performed to remove noise and small particles that may be present in the SHROI image. The result is a binary SHROI image, where the pixel value is 1 for an object pixel and 0 otherwise. The contour of the sperm head in the SHROI image is computed. The sperm head position c(i) is found by calculating the moment of the contour. The SHROI is then updated to be a 40×40 region of interest centered at the sperm head's centroid, as shown in Fig. 4(a) . For subsequent frames, a similar process is executed to track the sperm head position. However, instead of a mouse click to initiate the process, the SHROI of the previous frame is used by the system as the initial 40×40 SHROI.
There may be instances in which foreign particles or other sperm enter the SHROI. The sperm head tracking algorithm must be able to differentiate between the sperm of interest and interfering sperm or foreign objects that enter the SHROI. The swimming direction vector of the sperm of interest is used as a unique identifier to discriminate the sperm of interest from other sperm or particles. In the situation where only one sperm is present in the SHROI, the sperm's current direction vector v(i) in the current frame, represented by (1), is found by subtracting the sperm centroid position in the previous frame c(i − 1) from the sperm centroid position in the current frame c(i)
When more than one sperm or object is present in the SHROI, (1) is extended to
where s represents each sperm in the SHROI, and s prev is the sperm of interest in the previous frame. The candidate sperm s that produces the minimum Euclidean distance value is considered the sperm of interest s soi
where N is the total number of sperm and objects inside the SHROI. Specifically, the nearest neighbor approach is applied to determine the sperm of interest s soi at instance i, with the knowledge of the sperm of interest s prev at instance i − 1. The s soi is updated for every frame using this nearest neighbor computation.
C. Sperm Tail Tracking
With the sperm head position found, the STROI in which the tail is located can be computed. An example of the STROI is shown in Fig. 4(b) . In the ICSI procedure, healthy energetic sperm with strong movement are desired. Hence, our tracking algorithm is only concerned with sperm that are in motion. The average unit direction vector of the sperm movement and the sperm head position are used to find the STROI. The unit average direction vector is used instead of the direction vector described by (3), because the sperm may exhibit abrupt local changes in movement direction between two consecutive frames. By averaging the direction vectors of the sperm across 30 frames, abrupt changes in the sperm direction between frames are mitigated. Each spatial component of the average direction vectorv(i) for a given frame i is found bȳ
where r represents the spatial coordinate values x and y, and ε r denotes displacements produced by the stage. The average direction vector is calculated to be the sperm's velocity in pixels/s. Each spatial component of the unit average vectorv r (i) can then be calculated to bê
The STROI's center position t r (i) is found by adding a scaled value of the direction vector to the sperm head's centroid
where a is a scalar value. Studies have shown that the average human sperm length is approximately 50 μm [8] . Under 20× magnification, this value converts to a length of approximately 120 pixels. Experimentally, we found that a value [70, 90] is appropriate for a, as the value compensates for the sperm tail's constant contraction and bending. The STROI is obtained by taking a 25×25 ROI centered at the t r (i) position. A 25×25 STROI provides a sufficient tail search area that takes into account a range of different sperm tail lengths and the tail's transversal displacement.
After finding the STROI, the algorithm verifies that a tail is present in the STROI. The fundamental feature of flicker is extracted by taking the absolute difference between six consecutive inverted grayscale image frames [20] 
where f (i) is the flicker image extracted at frame i, and I represents the grayscale images containing the sperm of interest at frames i to frame i − 5. Each pixel in the flicker image is squared to enhance the pixel values of areas in which the tail is present. The pixel sum in the STROI of the f (i) image is used as a measurement to determine the presence of a sperm tail. If the pixel sum is above a specific threshold (β = 8000), a tail is considered to be present. The threshold value β was found experimentally by comparing the pixel sum values of STROI images in which a tail exists against cases where no tail exists. Since the flicker image excludes uniform background information, this β value can be applied to different microscopic brightness conditions. However, β may need to be adjusted to compensate for variations in noise floor conditions across different microscope cameras. An example of the flicker image is shown in Fig. 5(b) . If the pixel sum is below the threshold value β, no tail can be found and the human operator will be informed via a prompt message that the tail has been lost. This situation can happen if the sperm of interest becomes out of focus, resulting in the tail disappearing from the field of view.
Using the center position of the STROI is not always sufficient for accurately locating the sperm tail midpoint due to variations in sperm tail lengths. Hence, once the sperm tail is confirmed to exist within the STROI, the MIR algorithm is used to detect a point on the sperm tail and to compute the sperm tail midpoint position. The motivation behind this algorithm is that an individual frame may not show the sperm tail due to the tail's low contrast and fast movement. However, by extracting the flicker feature of the sperm tail [as shown in Fig. 5(b) ], the position of the sperm tail can be prominently seen. This approach overcomes challenges that arise from the low-contrast image of the sperm tail in a single frame. Compared with the optical flow method [21] , the MIR algorithm experimentally produced a higher accuracy in locating a point on the sperm tail.
The MIR algorithm first finds the location of maximum intensity within the 25×25 STROI of the flicker image. This is accomplished by evaluating the sum of the intensity values inside a 5 pixel by 5 pixel window at a spatial sampling interval of 5 pixels in both the x and y coordinates of the STROI flicker image. Experimentally, we found that 5×5 was an appropriate sampling window for accurately locating a position on the sperm tail. A larger window provides less accurate results while a smaller window size is more susceptible to noise. The center position of the 5×5 window with the largest intensity value is considered the tail location (i.e., a point on the sperm tail). provides an illustrative example of the MIR algorithm's tracking process.
IV. SPERM IMMOBILIZATION
After the system obtains sperm head and tail positions from visual tracking, the system determines whether the sperm is within the ideal orientation and depth requirements for immobilization. Both criteria need to be satisfied before the system controls the micropipette to immobilize the sperm.
A. Criteria
Two conditions must be met for the sperm tail tapping step to execute: 1) the sperm tail needs to be in an appropriate orientation and 2) the sperm cannot exceed a depth of 25 μm above the bottom of the Petri dish. The system continuously performs sperm tracking [see Fig. 2(c) ] until both criteria are met. Our software permits the human operator to cancel sperm tracking and to select a different sperm if the two aforementioned criteria are not met within a reasonable amount of time.
1) Sperm Tail Orientation: In our system, the micropipette is on the left-hand side of the field of view [see Fig. 2(a) ]. For successful sperm immobilization, the sperm tail's orientation needs to be within −45
• to 45
• with respect to the y-axis, as shown in Fig. 6 . Experiments prove that it is difficult for the micropipette to tap sperm tails with orientations outside this range. Thus, the system is configured to perform sperm immobilization only when the sperm tail is within the aforementioned range for a duration of at least 1 s. The system waits for the sperm to move within the required orientation for performing the immobilization task. The use of a rotational stage to orient a sperm can possibly reduce this waiting time; however, one must note that the sperm can move out of the field of view because of the coupled translational motion from rotation. The sperm tail's orientation θ with respect to the y-axis is determined as
2) Sperm Depth: To immobilize a sperm, the micropipette tip needs to tap the sperm tail against the surface of the Petri dish. The vertical position of a sperm exceeding a certain depth (e.g., 25 μm) above the Petri dish surface often makes immobilization fail since the micropipette is unable to press the tail against the Petri dish at these depths, although the system is still able to track the sperm. In addition, at these depths, the micropipette moving for sperm immobilization often causes strong disturbances to the medium and displaces the sperm from its original position. Accordingly, the system is programmed not to perform sperm tail tapping unless the sperm depth is between 0 and 25 μm above the Petri dish surface.
The system computes the focus measure by using the normalized variance [22] of a 10×10 ROI image of the sperm head (see Fig. 7 ). The normalized variance, NormV ar is calculated as follows:
where I is the ROI image, H is the height of the ROI image, W is the width of the ROI image, andĪ is the expected pixel value of the ROI image.
The microscope is focused on the bottom level of the Petri dish in our system. A sperm at this level exhibits the highest normalized variance values since this is the optimal point of focus. In contrast, a sperm that is above Petri dish surface, as shown in Fig. 7 , has lower normalized variance values due to the blurring of the sperm head. Experiments demonstrate that all sperm at a depth greater than 25 μm have normalized variance values, NormV ar less than 8 for the optical conditions described in Section II-A. This NormV ar threshold value needs to be recalibrated when significantly different imaging conditions are used.
B. Sperm Tail Tapping
When both criteria described in Section IV-A are satisfied, the system executes sperm tail tapping. The micromanipulator is programmed to execute a sequence of motions to tap the calculated sperm tail midpoint x m against the bottom of the Petri dish. Automated sperm tapping consists of four main steps. Table I shows the states of the micropipette, sperm tracking, and X-Y stage for each step of the sperm tail tapping sequence. The duration of the sperm tail tapping sequence is within 3 s. Step-1, the micromanipulator positions the micropipette 30 μm horizontally to the left of the x m position. In Step-2, sperm head and tail tracking are disabled to prevent tracking errors due to the occlusion of the sperm by the micropipette. After visual tracking is disabled, the X-Y stage continues to move at the last PID computed velocity. In Step-3, the micromanipulator moves the micropipette to a position 100 μm horizontally to the right of x m . The micromanipulator moves at a relatively low speed of 200 μm/s to avoid creating disturbances in the medium that can displace the sperm. The micromanipulator's speed is then increased to 6000 μm/s, while simultaneously lowering the micropipette vertically by 60 μm [see Fig. 2(d) ]. The act of displacing the micropipette by a vertical value that exceeds its vertical height (25 μm), coupled with the large increase in micromanipulator speed, results in the bending of the micropipette tip against the bottom of the Petri dish. The bending causes the micropipette to press on the sperm tail. The sequence continues by moving the micropipette at a speed of 6000 μm/s horizontally while pressing against the sperm tail [see Fig. 2(e) ] until the micropipette reaches a position of 60 μm to the left of x m . The rapid dragging motion of the micropipette against the sperm tail in Step-3 ensures the immobilization of the sperm. Lastly, in
Step-4, the X-Y stage's velocity is set to 0, and the micropipette is moved back to its original resting position [see Fig. 2(b) ].
V. EXPERIMENTAL RESULTS AND DISCUSSION
For all experiments, human sperm were placed in a Petri dish containing a viscous culture medium (SpermCatch, NidaCon International). SpermCatch is commonly used in clinical ICSI to create a fluid environment that mitigates adherence of the sperm to the dish or the micropipette, assists sperm aspiration, and helps slow down sperm motion [23] . Mineral oil was used to fully encapsulate the culture medium to prevent the culture medium from evaporation.
A. Sperm Tail Tracking Accuracy
Five videos (V1-V5 in Table II ) of moving sperm captured under the optical conditions described in Section II-A were used to evaluate the performance of the MIR sperm tail tracking algorithm. These videos were recorded at 30 frames/s. During video capturing, the sperm were allowed to swim out of the field of view.
The performance of the tail tracking algorithm was evaluated by calculating the Euclidean distance error between the algorithm computed tail location and a reference position. The reference position is the location (carefully input by a user for each frame of a video via mouse click) on the sperm tail that produces the minimum Euclidean distance between the sperm tail and the algorithm computed sperm tail location. An exam- ple of the Euclidean distance measurement is shown in Fig. 8 . The Euclidean distances are computed for each frame of each video. Table II summarizes the average Euclidean distances for each video. The MIR sperm tail tracking algorithm is capable of accurately tracking the sperm tail's location. The MIR algorithm has an overall average Euclidean distance error of 1.95 pixels (0.95 μm). As discussed in Section III-C, the MIR algorithm uses the current frame and the previous five frames to extract the flicker feature. Thus, the previous frames have an influence on the region of the STROI with the highest intensity value. As a result, the MIR algorithm's estimated tail location in certain cases is in proximity to the sperm tail, but not exactly on the sperm tail, contributing to the Euclidean distance error of the MIR algorithm. Furthermore, foreign objects such as debris or other sperm entering the STROI can cause the MIR algorithm's calculated tail position to stray away from the actual tail position. This situation occurred in Video 2, resulting in a slightly higher average Euclidean distance (2.73 pixels).
B. Sperm Tail Tracking Success Rate
The system performed 100 trials to quantify the sperm tail tracking success rate. Sperm tail tracking success rate is defined as the ability of the algorithm to follow the sperm tail from the moment when the sperm of interest is selected to when tracking is disabled during the micropipette sperm tail tapping step.
The system achieved a sperm tail tracking success rate of 96%. Sperm tail tracking failed when the sperm contacted the thick dark boundary between the culture medium and the exterior. In this region, the sperm head is occluded by the dark boundary, causing sperm head tracking to fail and in consequence, the failure of sperm tail tracking. The sperm may also enter dark areas of the medium (e.g., air bubbles or large foreign particles), which also caused tracking to fail. This latter type of failure can be reduced by manually eliminating bubbles in the culture medium and by ensuring that the culture medium has a low level of contaminants during sample preparation. Based on these 100 trials and the subsequent 1000 trials for quantifying sperm immobilization success rate, where sperm samples were diluted as per clinical ICSI routines, we observed that potential failure cases such as a sperm colliding with another sperm, two 
C. Sperm Immobilization Success Rate
Trials on 1000 sperm were performed with the automated system to evaluate the system's efficacy for sperm immobilization. The average successful immobilization time was determined to be 6-7 s. Overall, the system achieved an immobilization success rate of 88.2% (882 out of 1000 sperm were successfully immobilized). Details are summarized in Table III. The sperm were categorized into five groups based on their average speeds (μm/s). A sperm's average speed,ū is calculated by averaging the Euclidean norm values v(i) over the duration of sperm immobilization and then converting the result from pixels/s to μm/s. In Table III , columns (a)-(e) summarize five different causes of immobilization failure.
Failure case (a) happened when the micropipette disturbed the culture medium, which in turn displaced the sperm from its original position, causing the micropipette to miss the sperm tail. Case (a) accounted for 0.7% of the trials and tended to happen when the micropipette was close to the boundary between the culture medium and the surrounding mineral oil. Failure case (b) accounted for 2.9% of the trial results. Case (b) occurred when the sperm moved to a depth above 25 μm and maintained a depth above 25 μm for more than 30 s of tracking. In case (b), sperm tapping was not executed because of system configuration described in Section IV-A2.
Failure case (c) happened when the sperm tail did not stay within the required orientation (described in Section IV-A1) for more than 30 s of tracking. Thus, the system did not perform sperm tail tapping. Case (c) accounted for 2.5% of the trials. Case (d) (3.7% of the trials) occurred when the sperm tail orientation changed to an orientation outside of the required orientation range during the sperm tapping step. This failure case happened most often for sperm that moved in a circular path. In a small number of cases (2%) represented by (e), the sperm increased its speed during the sperm tail tapping step. Because sperm tracking is disabled in the sperm tapping step, the X-Y stage is servoed at the last PID computed velocity. Thus, the constant velocity of the X-Y stage is not capable of compensating for the increase in sperm speed, resulting in the micropipette either missing the sperm tail, or hitting the very tip of the sperm tail, which often is not sufficient for immobilizing the sperm due to the extreme thinness of the sperm tail tip.
Overall, the results show that each failure case accounts for only a small number of the trials. When sperm immobilization fails, the human operator can readily select the same sperm to attempt to immobilize it, or select a different sperm for tracking and immobilization.
VI. CONCLUSION
This paper reported on a system for automated sperm immobilization. A visual tracking algorithm was developed to track a sperm's head and tail and locate the midpoint on the sperm tail for automated immobilization. The tracking algorithm was capable of tracking the sperm tail with an average error of 0.95 μm and a high success rate of 96%. Motion control algorithms were integrated into the system to control the micropipette for tapping the sperm tail to achieve immobilization. Experiments on 1000 sperm demonstrated that the system was able to perform automated sperm immobilization at a speed of 6-7 s per immobilization and with a success rate of 88.2%.
